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Continuous seismic data and tilt measurements in the Aichi and Mie regions of central Japan indicate signif-
icant migration of episodic non-volcanic deep tremors and short-term slow-slip events on the subducting plate
interface at the deeper extension of themega-thrust earthquake seismogenic zone. These episodic tremor and slip
(ETS) events occur in two concentrated regions on either side of Ise Bay at recurrence intervals of approximately
every 6 months throughout 2004 and 2005, separated by a distinct tremor gap. A migrating tremor episode from
the southern edge of the Mie region in January 2006, however, is found to have crossed aseismic Ise Bay along a
continuous 200 km long strike of the subducting Philippine Sea Plate. Coincident with the migration of tremors,
very low frequency earthquakes with a predominant frequency of 0.05 Hz and tilt changes lasting for a few days
were detected. Inversion analysis of the tilt data indicates that at least ﬁve reverse faultings with an average slip
length of 1 cm took place on the plate boundary, migrating from southwest to northeast, equivalent to a total
moment release of Mw 6.2. The tremor seismicity gap at Ise Bay is attributed to the presence of a small ridge in
the Philippine Sea Plate that blocks most propagating ETS events. The 2006 episode propagated orthogonal to
the majority of ETS event in this region, and was found not to be obstructed by the ridge structure.
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1. Introduction
Non-volcanic deep tremors and accompanying transient
slow-slip events, which are termed episodic tremor and slip
(ETS) have recently been discovered as a new geophysi-
cal phenomenon in the transition zone (Hyndman et al.,
1997) at a subducting plate interface. Such ETS events have
been detected in southwest Japan (Obara, 2002; Obara et
al., 2004; Hirose and Obara, 2005, 2006; Obara and Hi-
rose, 2006) and at the Cascadia margin in North America
(Dragert et al., 2001, 2004; Miller et al., 2002; Rogers
and Dragert, 2003; Szeliga et al., 2004; Melbourne et al.,
2005), and are considered to be the product of stress ac-
cumulation and relaxation in the subduction system in a
similar manner to mega-thrust earthquakes. In southwest
Japan, the Philippine Sea Plate subducts from the Nankai
Trough, and mega-thrust earthquakes occur in this region
at recurrence intervals of approximately 100 years (Ando,
1975). Non-volcanic deep tremors (Obara, 2002) are dis-
tributed along a narrow belt parallel to the deep limit of
the slip distribution of past major earthquakes (Sagiya and
Thatcher, 1999). Short-term slow-slip events associated
with active tremors have been found to recur at intervals of
approximately 6 months in some regions of the tremor belt
zone (Obara et al., 2004; Obara and Hirose, 2006). Such
coupling between tremors and short-term slow-slip events
is usually characterized by source migration. In western
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Shikoku, for example, tremor epicenters have been found
to migrate along the strike of the Philippine Sea Plate at a
speed of close to 10 km/day (Obara, 2002) and the loca-
tion of the source fault of the corresponding slow-slip event
has been roughly estimated tomove with the tremor activity
(Obara et al., 2004). The extent of such ETS events in the
period from 2001 to 2004 in western Shikoku was limited
to within 100 km (Obara and Hirose, 2006).
On the Cascadia margin, ETS events have been found to
persist for up to 7 weeks, migrating along strike for over
300 km. The interval of ETS recurrence in Cascadia is ap-
proximately 11months in the southern (Szeliga et al., 2004)
and 14–16 months in the northern (Miller et al., 2002). The
transient slip events in Cascadia have been detected by con-
tinuous global positioning system (GPS) monitoring. Simi-
lar ETS events in southwest Japan have not been recognized
by GPS, but been detected by continuous tilt monitoring.
In the Mie region (northeastern part of Kii Peninsula), on
the western side of Ise Bay, the ETS events were found to
recur approximately every 6months in the period from 2001
to 2004 (Obara and Hirose, 2006). Recently, in the Aichi
region on the eastern side of Ise Bay, slow-slip events have
been recorded in association with the tremor peak (Hirose
and Obara, 2006). Although the past ETS activity, on either
side of the bay has been found to occur at similar times,
no tremors have been detected in the immediate vicinity
of Ise Bay. In the present study, the continuous migration
of an ETS event across the tremor seismicity gap of Ise
Bay is reported for the ﬁrst time. This event occurred in
January 2006 and lasted formore than 2 weeks, propagating
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gradually along the strike of the Philippine Sea Plate from
the Mie region into the Aichi region.
2. Deep, Low-frequency Tremors
The Japanese National Research Institute for Earth Sci-
ence and Disaster Prevention (NIED) operates a network
of three-component, short-period, high-sensitivity seismo-
graphs known as Hi-net (Okada et al., 2004; Obara et al.,
2005). Hi-net stations are distributed throughout Japan at
intervals of 20–30 km. Data are acquired continuously at
these stations at a sampling frequency of 100 Hz. Due to
the emergent nature of the recorded signals, tremors are dif-
ﬁcult to identify from raw seismograms. However, owing
to similarities between neighboring stations, tremors can
be well recognized by aligning the envelopes of bandpass-
ﬁltered seismograms with a pass band of 2–16 Hz. The
hypocenters of tremors are then estimated from the contin-
uous Hi-net data by an envelope cross-correlation method
(Obara, 2002; Obara and Hirose, 2006).
Figure 1 shows the distribution of tremor epicenters in
central Japan. The tremors occur at depths of approximately
30 km, tracing a narrow belt along the strike of the sub-
ducting Philippine Sea Plate. The epicentral distribution of
tremors corresponds to a depth contour of 35–40 km of the
oceanic Moho discontinuity determined by receiver func-
tion analysis (Shiomi et al., 2008). The source location of
the tremors is therefore inferred to coincide roughly with




























Fig. 1. Distribution of tremor epicenters in central Japan. Points denote
centers of distributed tremors at 1 hour intervals from 2001 to 2003.
Solid lines denote depth contours (km) of the oceanic Moho disconti-
nuity in the subducting Philippine Sea Plate as estimated by receiver
function analysis (Shiomi et al., 2008). Dashed square denotes the re-
gion targeted in Fig. 2.
continuity.
A distinct gap in the distribution of tremor epicenters
can be seen in the vicinity of Ise Bay, dividing the tremor
activity into east and west regions corresponding to Aichi
and Mie, respectively. This seismic gap is considered as
a boundary separating two segments. Figure 2 plots the
tremor activity from 2003 to 2006 for these two regions.
In the Mie region west of Ise Bay, major tremor activity re-
curred at an interval of approximately 6 months, migrating
from Ise Bay to the southwest over this period. The active
tremor episode recorded in January 2006 occurred at the ex-
pected timing, but differs from the other events in length of
the tremor source and the direction of migration.
The tremor activity in the Mie and Aichi regions in Jan-
uary 2006 is shown in Fig. 3. Minor activity with small
amplitudes began in the southern part of the Mie region
on January 5. From January 8, tremors with large ampli-
tudes became frequent, and the epicenters migrated gradu-
ally north-northeastward, crossing Ise Bay, and continuing
east-northeastward in the Aichi region at a speed of approx-
imately 10 km/day. This is the ﬁrst record of tremor activity
crossing Ise Bay. This event had the longest tremor source
distribution on record, extending for a length of approxi-
mately 200 km along the strike of the subducting Philippine
Sea Plate. Recently, Ito et al. (2007) detected very low fre-
quency (VLF) earthquakes with a predominant frequency of
0.05 Hz in this region, as indicated in Fig. 3. The tremors
and VLF events appear to be concentrated spatiotemporally
in at least ﬁve groups, suggesting a genetic relationship be-
tween these events.
Figure 4 shows the epicentral distribution of tremors and
VLF earthquakes at 2 day intervals in the period of January
4–23, 2006. Distinct migration from southwest to northeast
can be recognized from these distributions. This migration
pattern differs from that for the other major episodes in
the Mie region in 2003–2006, which migrate northeast to
southwest (Fig. 2). Figure 5 shows the tremormigration for
four major episodes between 2004 and 2005. Although the
details of each episode differ slightly, the tremor activity
consistently initiates near the coast line of Ise Bay and
migrates southwestward. In contrast, the tremor episode in
January 2006 began in the southern edge of the Mie region
and migrated northeast.
The spatiotemporal properties of the tremors in the Aichi
region east of Ise Bay aremore complex than for the Mie ac-
tivity. Following elevated activity throughout 2003, major
tremors began recurring at approximately 6 months inter-
vals with major events in June 2004, December 2004, and
July 2005. These episodes occurred within a month of the
major tremor episodes in the Mie region, although no conti-
nuity in the tremor migration patterns are recognizable be-
tween the Aichi and Mie episodes. The subsequent tremor
episode in January 2006, on the other hand, can be clearly
recognized to be continuous across the Ise Bay boundary
between the Mie and Aichi regions.
3. Slow-slip Events
In the Mie and Aichi regions, the periodic tremor activity
is usually accompanied by short-term slow-slip event (Hi-
rose and Obara, 2006; Obara and Hirose, 2006) detected by
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Fig. 2. Spatiotemporal distribution of tremors in Aichi and Mie regions from 2003 to 2006. Points denote well-located tremors (error of <1 km) as
















































Fig. 3. (a) Epicentral distributions of low-frequency tremors (gray dots),
VLF events (stars), and short-term slow-slip events in January 2006 for
periods A–E. Crosses denote observation stations. (b) Spatiotemporal
plot of low-frequency tremors, VLF events, and east-west tilt changes
at each station.
high-sensitivity accelerometers (tiltmeters) installed at the
base of boreholes at Hi-net stations (Obara et al., 2005).
The major tremor episodes in the Mie region (January
2004, June 2004, November 2004, July 2005) and Aichi re-
gion (February 2004, June 2004, December 2004, and July
2005) were accompanied by slow-slip events. Such short-
term slow-slip events associated withmajor tremor episodes
were previously undetected in the Aichi region, even though
such events were known to occur in Shikoku and the Mie
region (Obara and Hirose, 2006). The crustal deformation
caused by such tremor-associated slow-slip events was ﬁrst
detected in real time in December 2004 using Hi-net tilt-
meters (Hirose and Obara, 2006). Subsequent analysis of
past strain-meter data by the Japan Meteorological Agency
(JMA) revealed that every tremor peak is accompanied by a
slow-slip event (Kobayashi et al., 2006).
Associated with the migrating tremor activity in January
2006, ground tilting was detected at many Hi-net stations
by tiltmeters. Figure 3(b) shows examples of the time se-
quences of tilt movements observed at four stations along
the tremor migration route. The tilt change continued at
each station for a number of days, with the onset of the tilt
change occurring later at each station following a northeast-
ward propagation, indicating that the tilt change is closely
associated with the tremor migration. The tilting episode
can be divided into ﬁve periods based on the characteristic
pattern of tilt change at each station and the spatiotempo-
ral concentration of tremors and VLF events, as shown in
Fig. 3(b). During the ﬁrst period (period A, January 7–9),
station MGWH in the Mie region recorded an east-down tilt
change of 0.03 μrad, and tremors and a VLF event to the
south. Stations MGWH and URSH then recorded simulta-
neous east-up tiltingmovements (period B, January 10–13),
at which time tremors and VLF events were recorded in a
concentrated region around station URSH. East-down tilt-
ing persisting for 4 days was later recorded at station HAZH
on the eastern side of Ise Bay (period C, January 13–15),
corresponding to a clustering of tremors and VLF events
along the western side of Ise Bay. In the fourth period (pe-
riod D, January15–18), station OKZH in the Aichi region
recorded east-down tilting, and tremors and VLF events to
the west. Finally, east-up tilting was observed at station
OKZH, and tremors and VLF events became concentrated
around the station (period E, January 18–22). The geometry
and slip parameters of each short-term slow-slip event were
estimated from the tilt changes detected by Hi-net stations
in the vicinity of each tremor source cluster during each of
these periods. The tilt data (Fig. 6, left) were corrected for
the Earth tide using Baytap-G (Tamura et al., 1991) and the
linear trend of the drift. The north-south and east-west com-
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Fig. 6. Observed tilt data and estimated fault geometries for short-term slow-slip events. (Left) Tilt changes recorded at four stations over 14 days
(linear trend removed). Blue and orange lines denote north-south and east-west component traces, and vertical dashed lines delineate the periods
of tilt change. Histograms show tremor activity in the Mie and Aichi regions, and the graphs below show atmospheric pressure and precipitation.
(Right) Estimated fault geometry at each station plotted against the observed and calculated tilt vectors. Gray dots denote low-frequency tremors,
yellow stars denote VLF events, pink arrows denote slip vectors on the fault plane, boxes indicate estimated fault geometry, and bold lines denote the
shallowest edge of the fault model. (a)–(e) Slow-slip events in periods A–E.






































































17 272521 2315 19
Jan 2006
13






ponent tilt vectors obtained from the difference between the
periods before and after the tilting event (Fig. 6, dashed
lines) were then used to estimate the fault geometries and
slip parameters for the ﬁve time periods (Fig. 3(b)) using a
least-squares method given by Okada’s formula (1992) and
a genetic algorithm for optimization of the fault geometry
(Obara et al., 2004; Hirose and Obara, 2005). The esti-
mated fault geometries and slip parameters for each slow-
slip event are shown in Fig. 6 (right) and listed in Table 1.
The slip direction for the ﬁrst and fourth slow-slip events
are ﬁxed in the inversion process in consideration of the
plate motion due to the lack of an approximately complete
dataset. All slow-slip events are reverse fault type event oc-
curring on the subducting plate boundary. The slip length
of each slow-slip event ranges of 0.5–1.0 cm, and the total
moment release is equivalent to Mw 6.2.
In the analysis above, the fault parameters for the ﬁve
slow-slip events are estimated independently. However, as
the resultant fault locations of the slow-slip events appear
to be aligned along the strike of the subducting plate and
belt-like tremor activity, and the tremor migration occurs
at relatively uniform, the ﬁve events estimated above may
constitute a single slow-slip event that propagates smoothly
along strike. To examine this, a forward modeling of the
evolution of the slow-slip event was attempted based on the
migration of tremors and the pre-known plate geometry be-
cause an inversion analysis could not be performed due to
insufﬁcient tilt data. A ﬁxed-size rectangle fault extending
for 40 km along strike and 30 km down dip was assumed
considering the distribution of tremors at each time point.
The dip direction and depth were then ﬁxed to coincide with
the plate geometry (Shiomi et al., 2008), and the slow-slip
event was set tomigrate along the strike of the plate geome-
try at a propagation velocity of 10 km/day at the same depth
and with a ﬁxed slip rate of 0.5 cm/day. The slip direction
of each fault was inferred from the motion of the Amurian
and Philippine Sea plates. The synthesized time sequence
of tilt change at each station was then compared with the
observed data. Figure 7 shows the modeled tilt change for
a smoothly propagating slow-slip event moving along the
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Table 1. Estimated fault geometries and slip parameters for slow-slip events in January 2006.
Lat* Long* Strike Dip Depth Slip Length Width M0 Mw Rake
(◦N) (◦E) (◦) (◦) (km) (cm) (km) (km) (N m) (◦)
**A 34.333 136.314 205 12 11 0.31 48 23 1.37E+17 5.4 80
B 34.645 136.787 205 26 21 0.80 51 49 7.92E+17 5.9 92
C 34.985 137.062 222 7 25 0.49 73 39 5.66E+17 5.8 124
**D 35.037 137.29 211 10 25 0.62 28 34 2.37E+17 5.5 84
E 35.131 137.619 215 14 30 0.75 37 35 3.90E+17 5.7 145


































Fig. 7. Forwardmodeling of slow-slip eventmigrating continuously along the strike of the subducting Philippine Sea Plate. (Left) Observed (solid lines)
and calculated (dashed lines) tilt changes in the period January 5–23. Blue and orange lines denote the north-south and east-west component traces,
and graphs below show atmospheric pressure and precipitation. (Right) Geometry of migrating slow-slip fault. Red box denotes initial location, blue
boxes denote daily snapshots of the migrating fault, gray dashed lines denote the depth contours of the oceanic Moho discontinuity in the subducting
Philippine Sea Plate, and gray points denote the epicenters of low-frequency tremors.
plate boundary. The synthesized tilt trace is generally co-
incident with the observed data, although the traces diverge
somewhat in the Aichi region suggesting that the model ge-
ometry or slip parameters employed in the model are not
sufﬁciently representative in this region.
4. Discussion
The Mie and Aichi regions are active ETS segments in
the belt-like tremor zone that follows the strike of the sub-
ducting Philippine Sea Plate. The ETS events recur at inter-
vals of approximately 6 months, similar to the recurrence
interval for ETS events in western Shikoku (Obara et al.,
2004; Obara and Hirose, 2006). The periodic activity can
be simply understood as a stick-slip process, characterized
by periods of strain accumulation (ca. 6 months) culminat-
ing in slippage over a duration of several days. Yoshida
and Kato (2003) obtained such periodic aseismic slip by
numerical simulation using a two-degree-of-freedom block-
spring model. However, it is difﬁcult to reproduce the ob-
served properties of the ETS activity. Tomography analysis
suggests a high Poisson ratio in the tremor source region
and the existence of high-pressure pore ﬂuid (Shelly et al.,
2006; Matsubara et al., 2008). Fluid is stably generated by
dehydration of the subducting oceanic plate under certain
pressure and temperature conditions, and this liberated ﬂuid
may be responsible for the seismic velocity anomaly with
high Poisson ratio. The recurrence interval of ETS events
is controlled by the rate of strain accumulation and fric-
tional properties, including the ﬂuid condition and source
size. Given the similarity between the recurrence intervals
in the Mie and Aichi regions and in western Shikoku, the
frictional properties and source sizes in these regions are
likely to be very similar. In contrast, the recurrence inter-
vals of ETS events in eastern and central Shikoku are con-
siderably shorter (Obara and Hirose, 2006). Clariﬁcation
of the relationships among recurrence interval, patch size,
and the detailed pattern of slow-slip events will be helpful
in constructing a friction law for stick-slip slow-slip event.
In the northern Cascadia, for example, the recurrence in-
terval of ETS events is 14–16 months, which may reﬂect a
difference in the tectonic setting of the subduction zone.
Themigration of the source of the slow-slip event in Jan-
uary 2006 was found to be coincident with that of the tremor
episode, suggesting that the tremor activity may represent
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the rupture front of the slow-slip event. The rupture of the
slow-slip event in this case is inferred to propagate horizon-
tally, causing a migrating tremor. The extension and direc-
tion of the propagating rupture differ in each episode, as in
western Shikoku (Obara and Hirose, 2006). In the Mie re-
gion, the tremor activity in the most cases migrated from
northeast to southwest. However, the episode in January
2006 initiated at the southern edge of the Mie region and
developed into the longest rupture event recorded to date in
southwest Japan. The location of rupture initiation and the
extent of the rupture zone may be controlled by small ﬂuc-
tuations in strain accumulation or ﬂuid content in the patch
of the slow-slip event, while the propagation direction of
the ETS event may be determined by the conﬁguration of
the plate boundary.
Recent receiver function analyses have indicated that the
plate geometry has curvature and shallows beneath Ise Bay
(Shiomi et al., 2008), describing a small ridge structure.
The present results then suggest that the pattern of tremors
and slow-slip events is strongly affected by the existence of
such a ridge, acting as a barrier to the propagation of the
slow-slip event to produce a tremor seismicity gap. Reg-
ular ETS events occur independently on either side of the
ridge at intervals of approximately 6months. In the Mie re-
gion, the initiation of the ETS event is generally determined
by the plate geometry, which causes the rupture to propa-
gate to the south. However, during the episode in January
2006, the rupture initiated at the southern edge of the Mie
region and propagated northeastward for the ridge. Such
rupture propagating with a long distance might enhance the
potential to cross the obstruction at Ise Bay, and continu-
ing into the Aichi region. The tremor activity dropped in
the vicinity of Ise Bay due to the geometric anomaly, and
increased again upon propagation into the Aichi region as
usual tremor activity.
Tremor episodes observed before January 2006 occurred
on either side of Ise Bay within the space of a month, but
without evidence for continuity between the two regions. If
the size and frictional properties of both regions are similar,
and both regions are subject to the same convergence rate
regime, the recurrence intervals should be similar and the
tremor activity can be expected to occur contemporaneously
on some occasions. However, the January 2006 episode
demonstrates a connection between the Mie and Aichi re-
gions that allows continuous ETS migration. The synchro-
nization of activity between these regions may therefore be
due to the continuous propagation of a slow-slip event with-
out occurrence of tremor, or some types of stress transfer
between these regions. Another possible idea is that the
potential of the occurrence of ETS in these regions is en-
hanced simultaneously by external source. The mechanism
of such a rupture connection between segments of the slow-
slip event is similar to that for asperities associated with
mega-thrust earthquakes, and may therefore provide useful
information on the connection of ruptures in major earth-
quakes occurring just above the transition zone.
5. Conclusion
Episodic tremors and slow-slip events have been found in
recent years to recur at intervals of approximately 6months
in the Mie and Aichi regions on either side of Ise Bay in
central Japan. Tremor events in these two regions gener-
ally occur independently, yet within the space of onemonth,
and are separated by a distinct tremor seismicity gap in the
vicinity of Ise Bay. However, one episode of tremor and
slow-slip event, recorded in January 2006, initiated unchar-
acteristically from the southern part of the Mie region and
propagated northeastward, crossing Ise Bay, and migrating
continuously into the Aichi region for a distance of approxi-
mately 200 km along the strike of the subducting Philippine
Sea Plate. This is the longest propagation distance recorded
for such events since monitoring of tremors in southwest
Japan began in 2001. This tremor seismicity gap at Ise Bay
is attributed to a small ridge in the Philippine Sea Plate
that blocks northwest-southeast propagation of slow slip.
The January 2006 event, however, migrated orthogonal to
the prevailing migration direction and passed continuously
through the ridge without impediment.
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